Introduction
Due to their wide applications in optic communication, industry material processing, frequency comb and biomedical researches [1] [2] [3] , ultrafast pulse fiber lasers based on different materials and configurations have been attracting an increasing amount of attention in a verity of research fields. Passively mode locking is a well-known method to generate ultrafast pulses [4] , including multi-wavelength mode-locking pulses. Numerous types of mode-locking devices, such as Kerr lens [5] , nonlinear polarization rotation (NPR) [6, 7] and semiconductor saturable absorber mirror (SESAM) [8] , have been used to obtain stable multi-wavelength mode-locking pulses in fiber lasers. However, in previous studies, the output wavelength was selected by optical filtering [9, 10] , and in most cases the maximum spacing between the output wavelengths were merely a few nanometers, which limited the capability and application of multi-wavelength mode-locking lasers.
Recently, two-dimensional (2D) materials have been widely used to generate ultrafast laser pulses [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among them, molybdenum disulfide (MoS 2 ), due to its high third order nonlinearity, has been applied utilized in advanced laser applications [11] [12] [13] [14] . Tungsten disulfide (WS 2 ), a member of 2D semiconducting transition metals dichalcogenides (TMDCs) family, exhibits ultrafast nonlinear saturable absorption property and has high optical damage threshold [15] . WS 2 has a stackable S-W-S (S: sulfur atom, W: tungsten atom) molecular structure, which provides very strong hexagonally bone between S and W, and van der waals forces based interaction between each layers. Those structures indicate unique electronic and optoelectronic properties [15] , such as valley polarization, strong spin-orbit effect, high surface-to-volume ratio and integrated circuits with logic operation that has enabled various applications.
In 2015, Mao et al [16] demonstrated that at the pump power of 600 mW, WS 2 saturable absorbers could work stably in the soliton mode-locking state without damage. They concluded that WS 2 nanosheets have the ultrafast nonlinear saturable absorption property and a high optical damage threshold. Yan et al [17] investigated a new type of microfiberbased WS 2 saturable absorber. At the pump power of 675 mW, they obtained harmonic mode-locking laser pulses with up to 1 GHz repetition rate. The pulse duration is 452 fs while the signal-to-noise ratio is 48 dB. By depositing WS 2 onto the surface of the tapered fiber, Khazaeniezhad et al [18] demonstrated that reducing the waist diameter of the tapered fiber induced an increase in the spectral bandwidth of the ultrafast pulses, and reduced the bandwidth to 3 dB. In another study [19] , they generated a saturable absorber by growing multiple layers of WS 2 on a two-side-polished fiber via chemical vapor deposition (CVD) method, which in turn was used to generate stable soliton-like pulses with a spectral width of 5.6 nm and a 467 fs's pulse duration. In these studies, benefits of strong nonlinear optical responses in WS 2 were fully utilized, and various kinds of single-wavelength mode-locking operation were achieved. However, few studies about multi-wavelength mode-locking operations have been reported.
In this study, a WS 2 SA was exposed to a passivelymode-locked all-fiber laser near 1550 nm which in turn generated dual-wavelength mode-locked pulse train. The WS 2 nanosheets were precipitated onto the head face of fiber patch cord via light precipitation method. A ring-shaped fiber cavity was built to generate pulse trains. Their characteristics were explored and compared in the following sections.
Experimental setup
We constructed a ring cavity fiber laser and inserted the WS 2 saturable absorber (SA) to achieve passive mode locking. The experimental setup is presented in figure 1 . The total length of fiber in this ring cavity fiber laser is approximately 120 m, including 8 m C-band erbium-doped fiber (EDF, Nufern, M5-980-125) as gain medium with a dispersion parameter of ~ − 12.2 ps (km • nm) −1 and a peak absorption of 6.2 dB m
at 1530 nm as well as 110 m standard single mode fiber (SMF) with dispersion parameter of 18 ps (km • nm) −1 . The total net cavity dispersion is ~1.01 ps 2 . A 978 nm semiconductor laser with 500 mW maximum output power provides pump through a 980/1550 nm wavelength division multiplexer (WDM). A polarization-independent isolator (PI-ISO) at the end of the amplifier section is employed to maintain unidirectional operation and a polarization controller (PC) is employed to adjust the mode-locking state. Light is extracted from the cavity through a direction coupler with 10% output coupling ratio, and then monitored via a digital oscilloscope (Tektronix DPO7104), an optical spectrum analyzer (Yokogamo AQ7370B) and a radio frequency (RF) spectrum analyzer (Agilent N9320A).
Experimental results and discussion

Characterization of WS 2 saturable absorber
There are two popular methods for the manufacture of 2D materials: The first is micromechanical exfoliation technique, which has been widely used to prepare single-and few-layer 2D materials nanosheets. However this method is not applicable for mass production [15, 20] . The second method is chemical vapor deposition (CVD), which requires expensive equipment [21] . Compared with the above two methods, liquid-phase preparation (LPE) is efficient at synthesizing wafer-scale thin films in large quantity and thus is regarded as a promising method for the manufacture of composite materials [11] . In this experiment, WS 2 nanosheets were synthesized via LPE method. To prepare the sample, WS 2 nanosheets were exfoliated from thick slices and dispersed into water by sonication. Then LiOH as the stabilizer was added to stabilize them. The dispersions are stable over tens of days. As shown in figure 2(a) , the prepared WS 2 dispersions showed a dark brown color. The lateral sizes of the WS 2 nanosheets were measured with an ultra-high resolution scanning electron microscope (SEM) on a silicon substrate with 1 nm resolutions, as shown in figure 2(b) . . This phenomenon had been discussed in the earlier researches [22] . In figure 2(d) , the linear optical absorption spectrum and the transmission spectrum of WS 2 nanosheets were measured via UV-VIS-NIR spectrophotometer, the blue line shows a less obvious absorption peak at 609 nm, which arises from a direct band-gap transition at the K point [23] . The red line also shows an obvious dip also at 609 nm on the transmission spectrum which could be attributed to the direct gap transmission.
According to a previous study [24] , by introducing defects, the bandgap of MoS 2 could be reduced to 0.26 eV. It can be inferred that defects in WS 2 nanosheets, because of the similarity between material properties of WS 2 and MoS 2 , has similar effects. In our experiment, WS 2 SA was prepared by light precipitation method, and WS 2 nanosheets were of various shapes. Because the direct bandgap of monolayer WS 2 is about 2.0 eV (630 nm) [25, 26] , the saturable absorption near 1550 nm belongs to sub-bandgap absorption. 
Dual-wavelength mode locking
In our experiment, the stable dual-wavelength mode-locking pulses were achieved by properly adjusting the PC. To obtain ultrafast pulses, the pump power was gradually increased to the mode-locking threshold. The output pulses of the fiber lasers showed very high stability, which was proved by the radio frequency (RF) spectrum. The measured repetition rates were in good agreement with the design parameters of the cavity.
To confirm the stable mode-locking operation, a 1 GHz photodetector and a 2.5 GHz real-time oscilloscope were employed to investigate the pulse train in time domain. The results are presented in figures 3(a) and (b), in witch very uniform pulse amplitude can be observed. The uniform amplitudes in turn prove that the laser was operating in the continuous wave mode-locking state. The pulse interval was 600 ns which matched with the laser cavity round trip time. This verified the mode-locking operation of the fiber laser.
The laser output properties are summarized in figure 4 (a) which shows the spectrum of dual wavelength mode-locking pulses. There are obviously two peaks respectively located at 1531.8 nm and 1556.7 nm with a 3 dB bandwidth of ~2.8 nm and ~1.9 nm. Theoretically, there are also many weeny wave crests distributed on both sides of the two main wave crests, but due to the low resolution of spectrometer, those microstructure of main wave crests are invisible to us. To investigate the stability of dual-wavelength mode-locking pulses, we measured its RF spectrum, which is shown in figure 4(b) . The fundamental repetition frequency is 1.65 MHz, with the signal-to-noise ratio being up to ~60 dB. This matches exactly with the pulse train's periods and the estimated fundamental frequency of the implemented ring cavity. Notably, only one peak was observed in RF. Furthermore, its RF spectrum was measured in a wider range (200 KHz), as shown in the inset of figure 4(b) . The dual-wavelength mode-locking pulse exhibits relatively good long-term stability. The picosecond pulses were measured via auto-correlation methods which yielded a full width at half maximum width (FWHM) of 15.82 ps. Consequently, the pulse duration τ was 9.76 ps under the assumption of a sech 2 pulse profile, as shown in figure 4(c). Figure 4 (d) shows a typical dual-wavelength mode-locking pulse train which would be observed when the output power of the ring cavity with WS 2 SA was 8.97 mW with a pump power being 90 mW. The mode locking can be sustained at the pump power ranging from ~90 mW to 130 mW. The maximum output power of laser is 13.74 mW with the pulse energy of ~8.31 nJ and the light conversion efficiency up to ~10.52%. At the maximum pump power of 130 mW, mode-locking operation can be maintained for several hours as long as the experiment condition remains unchanged.
The mechanism of dual-wavelength mode-locking operation in our fiber laser can be described by the following process. When the cavity loss reaches some specific values, the gain of the Er-doped fiber and the cavity loss will have nearly equal magnitudes, which further, combining with the high nonlinear effect of the WS 2 SA [27] , makes the dual-wavelength mode-locking operation feasible. Additionally, to test whether the WS 2 SA contributed to the passive mode-locking, we replaced the WS 2 SA with new fiber patch cord without WS 2 . No dual-wavelength mode-locking was observed, even after we changed pump power continuously from zero to the maximum (500 mW) and adjusted the PC over a full range. After WS 2 SA was inserted into cavity, dual-wavelength mode-locking pulse could be observed again. The compariso n proved that the dual-wavelength mode-locking pulse was caused by WS 2 SA rather than the NPR effect.
Conclusions
In conclusion, we constructed a passively-mode-locked Er-doped fiber laser and investigated the optical characteristics of WS 2 . The WS 2 SA was prepared by light precipitation method. Stable dual-wavelength mode-locking pulse train with emission wavelengths of 1531.8 nm and 1556.7 nm, was obtained. Its pulse duration was 9.76 ps and had a repetition rate of 1.65 MHz. The maximum output power of the laser was 13.74 mW and pulse energy was of ~8.31 nJ. This investigation indicated that as a SA material, WS 2 had excellent nonlinear performance for applications in passively modelocked fiber lasers. Substantial enhancement in this 2D materials performance can be expected with further optimization of the SA fabrication together with the laser cavity designing. 
